ABSTRACT Exposure to inhaled pollutants, including fine particulates and cigarette smoke is a major cause of lung disease in Europe. While it is established that inhaled pollutants have devastating effects on the genome, it is now recognised that additional effects on protein folding also drive the development of lung disease. Protein misfolding in the endoplasmic reticulum affects the pathogenesis of many diseases, ranging from pulmonary fibrosis to cancer. It is therefore important to understand how cells respond to endoplasmic reticulum stress and how this affects pulmonary tissues in disease. These insights may offer opportunities to manipulate such endoplasmic reticulum stress pathways and thereby cure lung disease.
Introduction
The crowded molecular environment of a cell's interior poses a problem to protein synthesis. As a globular protein is made, its polypeptide chain must be folded into a specific final conformation. This involves stages when amino acids normally buried within the protein's core are exposed. These residues are available to interact with other proteins and could lead to aggregation. For this reason, cells possess molecular chaperones whose function is to bind incompletely folded proteins and shield them from inappropriate interactions with neighbouring molecules [1] . Although peptide bonds are made by ribosomes in the cytoplasm, proteins destined for secretion or insertion into membranes are folded inside a membrane-bound compartment called the endoplasmic reticulum (ER). This organelle permits proteins to undergo modifications, including glycosylation and disulphide bond formation, that could not occur in the cytosol. The ER therefore contains high concentrations of dedicated chaperones and enzymes that catalyse the folding of its client proteins. However, such an arrangement creates its own challenges, not least of which is to ensure the activity of ribosomes in the cytoplasm matches the capacity of the ER to fold the resulting load of new proteins.
terminally misfolded proteins are identified and returned to the cytoplasm for degradation by the ubiquitin proteasome system. This ER-associated degradation is augmented by the UPR and is responsible for the continued removal of mutated secretory proteins from the cell. If these protective processes fail and ER stress cannot be resolved, death pathways are activated. In addition, ER stress can trigger inflammatory signalling and modulate differentiation status, both of which contribute to the development of lung disease. It is often not appreciated that the ER stress itself is very rarely measured directly. Since ER stress refers to the incipient failure of protein folding, which is a highly complex condition, we instead tend to measure the cellular responses to it. That is, the UPR is used as a surrogate for ER stress, but it is important to bear in mind that this presupposes that the sensors of the UPR are functioning optimally.
In this mini-review, we examine each ER stress sensor in turn and then discuss their relevance to pulmonary fibrosis and cancer, the two lung conditions in which the UPR has been studied most thoroughly. A more comprehensive list of pulmonary disorders in which ER stress has been implicated is provided in table 1.
UPR sensors
ER stress is not solely a pathological phenomenon. Even healthy cells experience it when switching from low to high rates of secretion [1] . For this reason, the sensors of the UPR are part of everyday protein 1 Proteostasis in the endoplasmic reticulum (ER). Proteins enter the ER and rapidly associate with chaperones such as binding immunoglobulin protein (BiP). Once correctly folded, proteins continue along the secretory pathway via the Golgi apparatus. Proteins that fail to fold correctly are retained in the ER and eventually targeted for proteasomal degradation by ER-associated degradation (ERAD). The threatened accumulation of unfolded proteins in the ER activates the unfolded protein response (UPR) via inositolrequiring enzyme (IRE)1, ATF6 and PERK. IRE1 initiates splicing of mRNA encoding the transcription factor XBP1; ATF6 activation leads to its proteolytic processing in the Golgi apparatus and the release of a soluble transcription factor domain. Both XBP1 and cleaved ATF6 upregulate components of the ER folding and degradation machineries. Activated PERK phosphorylates eIF2α to inhibit most translation, but increases the translation of ATF4. Targets of ATF4 promote oxidative folding, amino acid synthesis and recovery of normal translation rates. In addition, IRE1 reduces translation during stress, by degrading ER-localised mRNAs in a process termed regulated IRE1-dependent decay (RIDD). Reproduced and modified from [1] with permission.
homeostasis (often called "proteostasis") and are necessary to fine-tune the secretory pathway to ensure a sufficient, but not wastefully excessive, protein-folding capacity. Three classes of transmembrane protein monitor the ER luminal environment and transmit their signals to the rest of the cell using three different second messengers.
Inositol-requiring enzyme (IRE)1 is the oldest ER stress sensor in evolutionary terms (figure 1). Mammals possess two isoforms. IRE1α is the ubiquitous form found in all cells that possess an ER, while IRE1β is restricted to the cells of the gut and lung and appears to play a specific function in mucus production. When sufficient protein-folding capacity exists in the ER, IRE1 is in an inactive state bound by the ER chaperone binding immunoglobulin protein (BiP). During ER stress, BiP dissociates to permit IRE1 to self-associate into large oligomers, but some evidence hints at a possible direct interaction between IRE1 and misfolding proteins in the ER lumen. IRE1 contains a kinase domain, but rather than phosphorylate other substrates, IRE1 autophosphorylates as part of its activation process. This triggers its RNA endonuclease activity, which is critical for signalling to the nucleus. Activated IRE1 selectively cleaves the mRNA encoding a transcription factor called XBP1. The primary transcript of XBP1 encodes an inactive protein. During ER stress, IRE1 cuts either side of a 22-nucleotide intron and following re-ligation by RtcB the mRNA of the newly spliced XBP1 generates a potent transcription factor that induces genes of the UPR. This unique splicing event depends on the frameshift caused by excision of the intron, but it has been noted that IRE1 has additional beneficial effects during ER stress, even in cells lacking XBP1. Part of this XBP1-independent effect involves a second, less selective endonuclease activity that degrades many mRNAs associated with the ER membrane. This regulated IRE1-dependent decay (RIDD) rids the cell of mRNAs encoding secretory proteins, which helps to relieve the demand for ER chaperones by reducing the synthesis of secretory proteins. IRE1 has an additional function independent of its endonuclease activity. In a manner analogous to some cell surface receptor kinases, activated IRE1 acts as a platform for the assembly of signalling complexes via the scaffold protein TRAF2 leading to activation of the JNK signalling pathway, which can variously initiate inflammatory or apoptotic end-points depending upon context. ATF6a is the prototypical member of a second class of ER stress sensor. Many paralogues exist, each with different tissue expression patterns and probably differing target gene profiles. ATF6a is another ER transmembrane protein that is held inactive by binding to BiP. Dissociation from BiP during ER stress is the primary mechanism for its activation, although it is also sensitive to alterations of the ER redox environment, which may contribute to its activation. Once released from its inactive BiP-bound state, ATF6 traffics to the Golgi apparatus where it is cleaved by two proteases, S1P and S2P, which liberate a soluble transcription factor that helps to induce UPR target genes (figure 1).
PERK activates the third arm of the UPR. It is regulated in a manner similar to IRE1, but once activated PERK recruits and phosphorylates the translation initiation factor eIF2α [38] (figure 1). Reports that PERK can also phosphorylate the transcription factor Nrf2 must be treated with some caution because induction of PERK's downstream target genes is entirely dependent on phosphorylation of eIF2α [39] . This phosphorylation serves two functions: it inhibits protein synthesis directly, while simultaneously triggering a gene expression programme via the transcription factor ATF4 [38, 40] . Because several kinases converge to phosphorylate eIF2α in response to diverse stresses, the downstream pathway has been named the integrated stress response (ISR). It is therefore important not to assume that phosphorylation of eIF2α or activation of its downstream response must always imply ER stress; the specific kinase involved should be determined.
Targets of ATF4 include antioxidant genes and genes involved in amino acid sufficiency [41] . ATF4 induces ATF3 and CHOP, transcription factors that contribute to the induction of GADD34 (also known as PPP1R15A), a master regulator of the ISR that dephosphorylates eIF2α to restore normal levels of figure 2 ). GADD34 appears to be regulated both at the transcriptional level and by factors that regulate the actin cytoskeleton [42] . Since the assembly of actin fibres is sensitive to growth signals, GADD34 offers a potential mechanism to further integrate ISR and mitogenic signals.
Dephosphorylation of eIF2α is necessary for the resumption of protein synthesis following its inhibition during the immediate response to stress. This later recovery of protein synthesis permits the expression of the antioxidant genes that by then have been induced by ATF4. This later response is necessary for cells to tolerate ER stress-induced reactive oxygen species. CHOP is frequently described simplistically as a "pro-apoptotic" factor, but again caution is warranted. The majority of CHOP's targets have no clear link with apoptosis, but rather appear to defend ongoing protein secretion, and in some disease models loss of CHOP causes increased cell death [43] . This apparent paradox, with the recovery of translation contributing to both survival and death, remains to be fully elucidated. One plausible explanation is that recovery of protein synthesis is pro-survival during responses to transient ER stress, but becomes toxic during chronic ER stress, when ongoing protein synthesis overwhelms the adaptive potential of the system. Evidence has implicated these pathways in the responses to oxidative stress imposed by cigarette smoke, but this requires further exploration [25] [26] [27] [28] . Although ATF4 signalling is activated in the airways of many patients with chronic obstructive pulmonary disease [44] , a direct mechanistic link with disease pathogenesis remains elusive.
Cancer
UPR signalling via PERK is necessary for the growth of large solid tumours in mice, while pharmacological inhibition of PERK has potent anticancer effects [45] [46] [47] . PERK has been implicated in tumour resistance to radiotherapy [48] and PERK-ATF4-mediated autophagy liberates amino acids in nutrient-deprived cancers to support tumour growth [49] . In addition, this PERK-ATF4 axis induces VEGF (vascular endothelial growth factor) and downregulates inhibitors of angiogenesis, so is important in maintaining tumour vascularity. Consequently, inhibition of PERK decreases tumour blood supply and reduces the growth of xenograft tumours in mice [45, 46] . Phosphorylation of eIF2α is broadly cytoprotective, so its dephosphorylation might reasonably be predicted to contribute to tumour cell death. Accordingly, in murine medulloblastoma, loss of GADD34 enhances eIF2α phosphorylation, thus promoting tumour growth, invasiveness and angiogenesis [50] . We showed in malignant mesothelioma that low expression of GADD34 correlates with increased tumour aggression [9] . It is therefore possible that agents that inhibit PERK or restore GADD34 function might prove beneficial in treating thoracic malignancy.
Pulmonary fibrosis
Up to 30% of cases of pulmonary fibrosis may have a genetic basis [51] . Classical genetics identified disease-associated mutations in several genes expressed by the type II alveolar epithelial cell (AECII). Some of these encode secretory proteins, for example mutations in SFTPA2 or SFTPC (surfactant proteins A2 or FIGURE 2 GADD34 is a master regulator of the integrated stress response. Phosphorylation of eIF2α increases the translation of ATF4. ATF4 transcriptionally induces CHOP, which induces expression of GADD34 (also known as PPP1R15A). In the presence of sufficient levels of G-actin, GADD34 will form a complex with PP1 and actin which selectively dephosphorylates eIF2α. Factors that modulate actin polymerisation will therefore tune the sensitivity of the cell to activation of eIF2α kinases including the endoplasmic reticulum (ER) stress sensor PERK.
https://doi.org/10.1183/16000617.0018-2017C, respectively) have been linked with interstitial lung disease of the usual interstitial pneumonitis and nonspecific interstitial pneumonitis patterns [52] [53] [54] [55] [56] [57] . When expressed in cultured cells, some of these mutant proteins trigger the UPR. Prompted by this, ER stress was sought in lung tissue from patients with pulmonary fibrosis [58, 59] . UPR activation was detected in the AECII of individuals with the L188Q SFTPC mutation and also in the alveolar epithelium of patients with sporadic idiopathic pulmonary fibrosis. Several factors linked with an increased likelihood of pulmonary fibrosis, e.g. viral infection, asbestos, amiodarone and old age, each activate the UPR in the lung, which is consistent with a potential role for ER stress in the pathogenesis of pulmonary fibrosis [10] [11] [12] [13] [14] 60] . However, the link between ER stress and interstitial lung disease appears to be complex. When L188Q SFTPC is expressed in murine type II pneumocytes the UPR is triggered, but this fails to cause pulmonary fibrosis [10] . However, mice expressing L188Q SFTPC show exaggerated pulmonary fibrosis when challenged with bleomycin. Likewise, co-administration of bleomycin and the ER stress-inducing drug tunicamycin enhances the degree of fibrosis [10] .
Although many studies have focused on the alveolar epithelium, the precise cell types in which ER stress might play a role are unclear. Mutation of the COPA gene, which encodes a protein involved in Golgi-to-ER retrieval was found to cause autoimmune arthritis and pulmonary interstitial lung disease, but although UPR activation was detected in the lung epithelium the mutation caused a multisystem disorder of altered immune function [15] . In two separate studies, the UPR transcription factor CHOP has been identified as a potential driver of fibrosis [16, 61] . Deletion of Chop in mice reduced alveolar epithelial apoptosis following bleomycin treatment, but in one of the studies adoptive transfer of wildtype macrophages restored normal levels of pulmonary fibrosis [16] . This suggests that modulation of the innate immune response by CHOP in the macrophage may play an important role, at least in the bleomycin model of fibrosis.
Finally, a role for epithelium-to-mesenchyme transition (EMT) in pulmonary fibrosis has been mooted repeatedly, but remains controversial. It is therefore worth noting that ER stress is a well-recognised inducer of EMT in the lung. Expression of mutant SFTPC, for example in primary murine AECII or AECII-like cell lines triggers morphological and biochemical EMT, and similar changes occur following treatment with chemical inducers of ER stress [17] .
Conclusion
ER stress has been detected in several pulmonary diseases, although mechanistic understanding is often lacking. In cancer and pulmonary fibrosis there are, perhaps, sufficient data to support an important role for the UPR in modulating pathogenesis. Now that small molecules are available to target the UPR, it will be important to test their effects in models of these diseases.
